ABSTRACT
Keywords: Tunnel junctions, III-nitrides, GaN, GdN, Nanoislands, Molecular Beam Epitaxy
The low ionization efficiency of p-type dopants and low hole mobility lead to high parasitic resistances in III-nitride optoelectronics that cause significant losses in devices such as energy-efficient solid state lighting LEDs, laser diodes. Interband tunnel junctions could improve the efficiency and functionality of a variety of III-nitride semiconductor devices for visible and ultra violet emitter and photovoltaic applications. However, in wide band gap materials such as GaN, it is extremely challenging to achieve interband tunneling between p-type and n-type regions. The larger band gaps in this system and dopant solubility limitations lead to thicker depletion regions, large energy barriers to tunneling and higher tunneling resistance than in lower gap semiconductors, and traditional heavily doped p-n junctions 8 can therefore not provide low tunneling resistance. Recently, the spontaneous and piezoelectric polarization 9, 10 in the III-nitride system using structures like GaN/AlN/GaN, [3] [4] [5] GaN/InGaN/GaN, [11] [12] [13] and AlGaN/GaN 14 were used to overcome limitations imposed by the large energy band gap. While GaN/InGaN/GaN tunnel junctions with very low resistance (10 -4 Ω-cm 2 ) have been demonstrated, 6 the dependence on crystal polarity and the high absorption coefficient of InGaN limit the application of this approach in devices. GaN. 22 Details about island formation dynamics and transmission electron microscope images of the islands are described elsewhere. 22 A 50 nm p-type GaN was grown on top of the GdN nanoislands, and was found to be single crystalline based on in-situ reflection high-energy electron diffraction, as expected from previous work. 22 The structure was capped with a 30 nm The temperature dependent electrical characteristics of the Ga-polar GaN/GdN/GaN TJ (20 µm X 20 µm) are shown in Figure 1c . At a reverse bias of 1 V, the current density changes from 7.8 A/cm 2 at 77 K to 78 A/cm 2 at 300K. The IV curves in the low temperature, high current regime had a quadratic dependence, indicating that space charge limited transport may be playing a role. 24 This shows that after hole freeze out (which occurs at relatively high Figure 2a , the N-polar TJ shows higher current density than the Gapolar TJ. This is because the polarization field in GdN is in the same direction as the depletion field in case of N-polar TJ. This effect is in fact quite similar to reduced turn-on voltage reported in previous work on N-polar green LEDs. 25 The relatively weak dependence of the tunneling current on crystal orientation and polarization in the reverse direction can be understood from the band diagram of the structures.
To calculate the energy band diagram of a p-GaN/3 nm GdN/n-GaN heterojunction, we model
GdN as a non-polar material with a narrow bandgap 21 , and assume that the polarization discontinuity at the GaN/GdN interface leads to an interface charge density that is equal to the spontaneous polarization sheet charge of GaN. This is depicted in the charge diagram in Figure   2b , for the Ga-face and N-face oriented p-n junctions. For p-GaN up structure, the field due to the spontaneous polarization sheet charge dipole σ sp,GaN is in the same direction as that of the depletion field in case of N-polar, where as the direction is opposite in the case of Ga -polar structure. The effect of doping in GaN on the band diagram is simulated using a self consistent Schrödinger Poisson solver 26 , and is shown in Figure 2c To confirm tunneling injection of holes, we designed an n-GaN/GdN/p-GaN/n-GaN structure (sample A) as shown in Figure 3a . This structure uses an n-GaN/GdN/p-GaN tunnel junction to contact the p-GaN layer of a GaN p-n junction, thereby eliminating the need for a metal p-contact. As the p-n junction is forward biased, the GaN/GdN tunnel junction is reverse biased. Electrons from the valence band of p-GaN tunnel into n-GaN, leaving a hole behind in the p-GaN layer. This is equivalent to tunnel injection of holes from an n-GaN contact into the ptype material, and so if the tunnel junction is ideal, we expect this structure to behave like a simple p-n junction. The two important requirements for such a tunnel junction to be incorporated in a LED or solar cell would be that (1) the voltage drop across the tunnel junction during the device operation is negligible, with appreciable tunneling close to zero bias, and (2) the specific resistivity of the tunnel junction is minimal. The structure with the GaN/GdN TJ contact layer (sample A) was compared with a structure with a reference p + -n + GaN TJ contact layer (sample B) that has the same structure as sample A, but without the GdN nano island layer.
Atomic force microscope image (Figure 3b ) of the sample surface shows typical step flow growth morphology with a low rms roughness of 0.6 nm. The electrical characteristics of sample A shown in Figure 3c show a GaN p-n junction behavior with rectification, indicating that the tunnel junction behaves as an ohmic contact to the p-GaN layer. The series resistance of the device with GaN/GdN TJ (Sample A) in forward bias was calculated from a fit of the linear portion of the forward bias characteristics to be 1.3 X 10 -3 Ω-cm 2 . This includes the contact resistance, series resistance in the p-GaN and n-GaN regions, and the tunnel junction resistance.
The top contact resistance was measured using transfer length method (TLM) method, and found to be 1.3 X 10 -5 Ω-cm 2 . The estimated series resistance of the thin p-GaN (~10 -5 -10 -6 Ω-cm 2 ) and n-GaN layers (~10 -7 Ω-cm2) used in this study are negligible compared to the measured total forward bias resistance. Hence, the specific tunnel junction resistivity can be extracted to be 1. The temperature dependent electrical characteristics of sample A are shown in Figure 3d .
Even at 77 K, where freeze out of holes is expected, high current density was observed in forward bias confirming efficient injection of non-equilibrium holes into the layers at low temperature. We also observed blue-UV electroluminescence at both low temperature and room temperature, as shown in Figure 3e , confirming injection of holes. At 20K, the band to band (3.4eV), and band to acceptor (3.2eV) emission in GaN was observed with two additional peaks marked as peak A and peak B. The origin of these peaks could be related to defect levels in GaN, or emission from GdN, or absorption of UV photons in GdN and reemission. However, the strong electroluminescence signal obtained at low temperature, indicates efficient hole injection due to the tunnel junction even in the absence of any thermally ionized holes.
To benchmark these results against the literature, the specific tunnel junction resistivity achieved in different material systems are compared in Figure 3f . 3, 5, [27] [28] [29] It is evident from the figure that tunnel resistivity increases exponentially with band gap, and that while low resistivity in wider band gap materials such as GaN is an inherent challenge, heterostructure engineering using GdN nanoparticles provides a route to overcome this limitation. The low tunnel resistivity (1.3 X 10 -3 Ω-cm 2 ) achieved in this work would lead to negligible tunnel junction voltage drop loss for the typical drive current in LEDs and solar cells. Further investigations are necessary to understand the true band line-up, interfacial dipoles, and related effects in these heterostructures.
Optimization of the island size, density, and growth conditions could help to reduce the resistance further, which would enable incorporation in high brightness LEDs. For applications in lasers which require higher current density (~ kA/cm 2 ), further optimization of these tunnel junctions will be needed. P-contacts with resistance of 10 -4 cm -2 can be achieved after significant process optimization in university and industry labs. Tunnel junctions may approach or exceed the efficiency of such p-contacts with optimization. However, the availability of a tunnel junction enables epitaxy above the contact, enabling very important device designs that include transparent n-type spreading layer and multiple active region devices 6 . With the availability of tunnel junctions for both Ga-polar and N-polar oriented layers, several new directions for GaN electronics and optoelectronics are possible. Several groups have indicated the advantages of Npolar P-up 25, 30, 31 or Ga-polar P-down 32, 33 LEDs. However, P-down LEDs have been limited due to the large p-type layer spreading resistance, and therefore need a tunnel junction to connect the p-layer to an n-type substrate. Heterostructure polarization engineering based approaches using InGaN are not effective since they work for N-polar oriented P-down p-n tunnel junctions 6 and not for a Ga-polar oriented P-down p-n junctions. The alternate approach (using GaN/AlN/GaN) could be used for the aforementioned cases, but does not provide low enough tunneling resistance to be useful. The GdN approach presented here overcomes these limitations by enabling both Ga-polar and N-polar oriented p-n junctions. GdN nanoislands could also be spintronic devices that benefit from the high spin lifetimes in GaN. 36 The design of GaN bipolar devices such as p-n diodes and BJTs has been limited by p-type contacts and resistance. Low resistance tunnel junctions can now be used to re-design these bipolar devices to achieve greater performance or functionality. Finally, since GdN-based junctions do not require polarization, they could also be used to improve performance for emerging non-polar and semi-polar GaN devices.
In summary, we demonstrated that epitaxial GdN nanoislands can be used for efficient inter-band tunneling in GaN p-n junctions on Ga-and N-polar orientations. Efficient tunnel injection of holes from n-type GaN top contact into p-type material was achieved, and the tunnel junction specific contact resistivity was estimated to be 1.3 X 10 -3 Ω-cm 2 . This demonstration of efficient tunneling using GdN nanoislands, together with previously reported polarization- 
